Abstract. The health benefits of green tea and its main constituent (-)-epigallocatechin gallate [(-)-EGCG] have been widely supported by results from epidemiological, cell culture, animal and clinical studies. On the other hand, there are a number of issues, such as stability, bioavailability and metabolic transformations under physiological conditions, facing the development of green tea polyphenols into therapeutic agents. We previously reported that the synthetic peracetate of (-)-EGCG has improved stability and better bioavailability than (-)-EGCG itself and can act as pro-drug under both in vitro and in vivo conditions. Analogs of catechins have been synthesized and their structure activity relationship provides an understanding to the mechanism of proteasome inhibition. Metabolic methylation of catechins leading to methylated (-)-EGCG may alter the biological activities of these compounds.
Introduction
Green tea, produced from the unfermented dried leaves of the plant Camellia sinensis, has been consumed by humans for thousands of years. Regular drinking of green tea has been associated with many health benefits (Hara, 2001; Higdon, 2003) . These include reducing the risk of cardiovascular diseases; reduced incidence and mortality due to cancer; decreasing fat absorption; anti-ageing; suppressing inflammation and inhibiting viral or bacterial infections. Many of these claims have been supported by in vitro cellular studies and some in vivo animal models. Since tea consumption is generally not associated with toxic effect, the attraction of using green tea extract as therapeutic agents is considerable. Yet, the U.S.
Review
The challenge of developing green tea polyphenols as therapeutic agents Food and Drug Administration (FDA) , after reviewing the human data, concluded recently that "there is no credible evidence to support qualified health claims for green tea or green tea extract reducing the risk of heart disease" and "it is highly unlikely that green tea reduces the risk of breast cancer or prostate cancer" (U.S. FDA, 2005 FDA, , 2006 . This article will discuss some of the issues facing the development of green tea polyphenols as therapeutic agents, based on the challenge of extrapolations from experiments in vitro to situation in vivo.
Separation and purification of catechins
On brewing the green tea leaves with hot water, the aqueous solution contains tannic acid, caffeine (about 10-50 mg per average cup of green tea, half that of coffee) and polyphenolic catechins (about 50-100 mg polyphenols per cup) and a number of minor components (Haslam, 1989) . The major catechins are: (-)-epigallocatechin-3-gallate (EGCG, 1), (-)-epigallocatechin (EGC, 2), (-)-epicatechin-3-gallate (ECG, 3), (-)-epicatechin (EC, 4) and (+)-gallocatechin (GC, 5) (Fig. 1 ). Of these, EGCG is by far the most abundant and has various biological activities which may account for the beneficial effects attributed to green tea. Green tea extract is thus a complex mixture, often with various proportions of different components depending on the origin, time of harvest, method of preparation and many other factors. In human clinical trial, pure active ingredient should be used instead of green tea extract.
In a phase II clinical trial in the treatment of patients with androgen independent metastatic prostate carcinoma, patients were prescribed green tea powder at a dose of 6 grams per day for one to four months. At this dosage, thirty-one percent of patients reported no toxicity whatsoever directly attributed to the green tea, 28 percent of the patients dropped out of the study because of varying degree of toxicity such as nausea, emesis, insomnia, fatigue, diarrhea, abdominal pain and confusion (Common Toxicity Criteria Grade 1 to 4) presumably from the tea's caffeine (Jatoi, 2003) .
Caffeine-free green tea extract, under the trademark of Polyphenon TM , is obtained by treating tea leaves with water and then spray dried to powder. The powder is dissolved in water and washed with chloroform; then extracted with ethyl acetate. The ethyl acetate solution was then concentrated and freeze-dried to give Polyphenon TM . It contains about: 1 % (+)-GC; 18 % (-)-EGC; 6 % (-)-EC; 54 % (-)-EGCG; 12 % (-)-ECG and 9 % other substances (Hara, 2001) . Ointment of Polyphenon TM has recently been approved for topical application in the treatment of genital warts and marketed as Veregen TM by MediGene Company. Further purification of individual catechins to high purity (>98 %) in large quantity has not been easy because of the ready water solubility and the structural similarities of the catechins. A US patent described a process involving three column chromatographic separations using expensive reverse phase column fillings to purify EGCG (Bailey, 2001) . A more recent patent application described a process of separating catechins using chromatography on a macroporous polar resin with a polar elution solvent under pressure (Burdick, 2003) . The lack of quantities of pure catechins of high purity at reasonable cost may well hamper the clinical development of using green tea polyphenols for possible therapeutic applications. We have recently devised an alternative method of purifying catechins to high purity by treating green tea leaves directly with acetic anhydride in pyridine. This acetylation reaction converted the mixture of catechins into fully acetylated catechins (Scheme 1) and rendered them less hydrophilic and separable by simple column chromatography over silica gel with ethyl acetate/hexane as eluent. In this way, EGCG octaacetate (6), EGC hexaacetate (7), ECG heptaacetate (8) and EC pentaacetate (9) (Fig. 1) were obtained as solids with >98 % purity (Huo, 2008) . The amounts of the four acetates depended on the source of green tea. Selective removal of the acetate moiety by hydrolysis using ammonium acetate in aqueous methanol gives the original catechin back. In this way, for example, EGCG (1) can be obtained from EGCG octaacetate (6) ) (Scheme 1).
Bioavailability issues
A major challenge in extrapolating the biological activities of green tea polyphenols in vitro to possible effects in vivo is bioavailability. In this respect, it is known that EGCG has poor bioavailability . The poor bioavailability of EGCG can be attributed to several factors: (a) the instability of EGCG in alkaline or neutral conditions (Chen, 2001 ), (b) low cellular uptake due to high aqueous solubility and poor hydrophobicity to cross cell membrane; (c) metabolic transformations such as methylation, glucuronidation and sulfation (Lu, 2003) and (d) active efflux of many polyphenolic compounds by the multidrug resistanceassociated protein 2 (MRP2) (Hong, 2003) . Following i. g. administration of decaffeinated green tea, to the rats the absolute plasma bioavailability of EGCG, EGC and EC was 0.1 %, 14 % and 31 % respectively. For mice, by comparison, the absolute plasma bioavailability of EGCG was 26.5 % but with greater than half of the EGCG present as the glucuronide conjugates. Several studies on the pharmacokinetics of tea polyphenols in humans have been reported (Chow, 2001 (Chow, , 2003 (Chow, , 2005 Yang, 1998) . For example, oral administration of green tea at a dose of 20 mg/kg body weight resulted in plasma Cmax for EGCG at 78 ng/mL, a concentration far below the micromolar concentration usually required for in vitro activity. The extent of bioavailability and thus therapeutic efficacy depends on the route of administration as well as the organ site to be considered. Ultraviolet-induced skin tumor incidence in BALB/cAnNHsd mice was significantly reduced by topical, but not by oral, administration of purified EGCG (Gensler, 1996) . This is in line with the success of topical treatment of genital warts with Polyphenon TM ointment referred to earlier. For oral administration of tea polyphenols, one would expect the oral cavity and the digestive tract to have the highest bioavailability (Lee, 2004; Suganuma, 1998) . On the other hand, because of their hydrophilic nature, the catechins are not expected to cross the blood-brain barrier to reach the brain to any significant extent (Suganuma, 1998 ). This will have an impact on any in vivo study of the effect of green tea polyphenols on neurodegenerative conditions.
An effective way to improve the bioavailability of a drug is to use the pro-drug approach (Ionescu, 2005) . In 2004, we proposed the use of (-)-EGCG octaacetate (6, Pro-EGCG) as a pro-drug of (-)-EGCG (1) (Lam, 2004) . Compound 6 is much more stable than EGCG (1) in solution of pH = 8. When cultured human breast cancer MDA-MB-231 cells were treated with Pro-EGCG (6), accumulation of both Pro-EGCG (6) and EGCG (1) were found inside the cells (Landis-Piwowar, 2007) . This proved that Pro-EGCG was converted intracellularly into EGCG, presumably by cellular esterases (Scheme 1). Furthermore, Pro-EGCG (6) was better absorbed into the cells, giving higher accumulation of EGCG (1) by at least 2.4 fold than when the cells were treated with similar levels of EGCG. Similarly, treatment of HCT116 human colon cancer cells with Pro-EGCG (6) resulted in a 2.8 to 30 fold greater intracellular concentration of EGCG as compared with treatment with equivalent amount of EGCG. Intragastric administration of Pro-EGCG (6) to CF-1 mice led to higher bioavailability in plasma, small intestinal and colonic tissues compared with administration of equimolar doses of EGCG (Lambert, 2006) . This improved bioavailability is reflected in enhanced bioactivity. Even though it is not an inhibitor of proteasome in cell-free system, Pro-EGCG (6) is more potent than EGCG at inhibiting the proteasomal chymotrypsin-like activity in MDA-MB-231 cells (Landis-Piwowar, 2007) . More importantly, the enhanced bioactivity also manifested in vivo. In animal xenograft models, Pro-EGCG (6) was found to be more effective than EGCG (1) at equivalent dosages in inhibiting tumor growth for MBA-MB-231 breast tumors (LandisPiwowar, 2007a) and for CWR22R androgen-independent prostate cancer (Lee, 2008) . It is obviously of interest to see if such improved bioavailability and enhanced bioactivity by using a pro-drug are also true in humans.
Chemical synthesis of analogs and structure activity relationships
In light of the wide range of biological activities attributed to green tea polyphenols, it is believed that green tea polyphenols affect a number of biological pathways and molecular targets . Structure-activity relationships, using both natural compounds and synthetic analogs, is helpful to understand the mechanism of interaction of the green tea polyphenols with the potential molecular targets. This has been applied in the case of proteasome inhibition . In 2001, we reported the first chemical synthesis of epigallocatechin gallate (1) in an enantioselective manner providing separately the natural (-)-EGCG as well as its enantiomer (Li, 2001 ). This was followed by the syntheses of EC, EGC (Wan, 2004 ) and a number of analogs (Smith, 2002; Wan, 2005) . Structure-activity studies using the natural green tea polyphenols and the synthetic analogs on proteasome inhibition revealed a number of interesting features: (a) the carbonyl function of EGCG and analogs is essential for inhibitory activity (Nam, 2001 ); (b) synthetic (+)-EGCG, the enantiomer of the natural (-)-EGCG, showed nearly equal potency (Smith, 2002) ; (c) the ester oxygen at C-3 can be replaced by the NH isostere with little reduced activity to purified proteasome but improved potency to cellular proteasome, probably due to increased stability (Smith, 2004) and (d) decreasing the number of -OH groups from either the A-, B-or D-ring of EGCG leads to diminished proteasome inhibitory activity in vitro (Osanai, 2008; Wan, 2004 Wan, , 2005 . On the basis of the structure activity relationships, a rational model has been proposed with in silico docking studies (Smith, 2004) . The model suggests that (-)-EGCG and the active analogs predictably bind to the N-terminal threonine (Thr) of the proteasomal chymotrypsin β-5 subunit active site . This orientation is suitable for nucleophilic attack by the hydroxyl group of Thr 1 to the carbonyl carbon of (-)-EGCG, thus deactivating the proteasomal chymotrypsin-like activity. Similar structure-activity studies can be profitably applied to other molecular targets to gain further understanding on the potential of green tea polyphenols as therapeutic agents.
Metabolic transformations of green tea polyphenols
In vivo activity of the green tea polyphenols may also be affected by metabolic transformations. EGCG and the other tea catechins undergo biotransformations including methylation Vol. 16, 2008 Green Tea polyphenols, (-)-Epigallocatechin Gallate 251 (Lu, 2003a) , glucuronidation (Lu, 2003b) , sulfation (Vaidyanathan, 2002) as well as oxidative degradation products (Li, 2000; . In a case-control study of AsianAmerican women in Los Angeles, the relationship between intake of green tea and risk of breast cancer was examined according to catechol-O-methyltransferase (COMT) genotype (Wu, 2003) . Among women who carried at least one low activity COMT allele, inverse association between tea intake and breast cancer risk was observed; but for women who were homozygous for the high activity COMT allele, risk of breast cancer did not differ between tea drinkers and non-tea drinkers. To explain these results, it was suggested that O-methylation of the catechins by COMT, an enzyme ubiquitously present in humans, may reduce the cancer preventive effect of the catechins (Wu, 2003) . Indeed, catechins are known to be substrates of human COMT (Zhu, 2000) . In humans, O-methylated EGCG derivatives were detected after consumption of green tea and catechin (Meng, 2002) . Some methylated catechins have been found as minor components in tea infusions (Sano, 1999) . Recently, we completed the syntheses of 9 different methylated catechins which are metabolites or potential metabolites of tea catechins in biomethylation (Wan, 2006) . We found that the addition of a methyl group on the B-or D-ring of (-)-EGCG or (-)-ECG led to decreased proteasome inhibition and, as the number of methyl groups increased, the inhibitory potencies further decreased . Metabolic O-methylation of EGCG may indeed reduce the effectiveness of EGCG in its anticancer activity (Landis-Piwowar, 2007b) , in support of the human study (Wu, 2003) . On the other hand, metabolic O-methylation of EGCG may not always lead to reduction of biological activities. For example, methylated EGCG has been shown to be more potent than EGCG in the inhibition of type I allergic reactions in mice (Tachibana, 2000) . Metabolic biotransformations also affect the physiochemical properties of the green tea polyphenols and therefore their bioavailability. How these metabolites affect in vivo biological activity deserves greater examination.
Conclusions
Many beneficial effects have been attributed to green tea and the polyphenolic catechins are implicated as the active ingredients. The most abundant catechin, (-)-epigallocatechin gallate (EGCG, 1), has been found to have a number of biological activities, potentially applicable for the prevention and treatment of cancer, heart diseases, diabetes, neurodegenerative diseases and other conditions. However, there are a number of challenges in developing green tea polyphenols into therapeutic agents. Pure active ingredients with better stability should be used. The poor bioavailability of EGCG and other catechins needs to be overcomed. Structure-activity relationships, using both natural compounds and synthetic analogs, need to be conducted to understand the mechanism of interaction of the green tea polyphenols with the potential molecular targets. Finally, metabolic biotransformation of the green tea polyphenols and their effects on biological activity in vivo will need to be understood better.
